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29
High temperature solid oxide fuel cells (SOFC) are most beneficial for power generation hybridization 30 with thermal-based generator systems as compared to other fuel cell technologies because of their high operating 31 temperatures. For example, SOFCs can be integrated with a bottoming gas turbine cycle to exploit the benefits of 32 high quality waste heat and fuel recovery from the fuel cell stacks for additional power production [1, 2] . Direct-33 fired solid oxide fuel cell gas turbine (SOFC/GT) hybrid systems shown in Figure 1 also offer some advantages 34 in terms of air pressurization as a result of turbomachinery pressure ratio effect on fuel cell Nernst potentials, and 35 heat recovery of gas turbine exhaust [3] . Both high pressure and heat recuperation directly help the total system 36 efficiency [3] . SOFC/GT systems are also considered economically feasible for early technology adoption because 37 the fuel cell lifetime could be extended in a hybrid configuration [4] . Although a commercial direct-fired 38 SOFC/GT plant does not exist yet, the U.S. Department of Energy (DOE), National Energy Technology 39 Laboratory (NETL) has built a world-leading cyber-physical system that mimics an SOFC system in a hybrid 40 configuration using the seamless integration of a numeric model with hardware, and then coupled the hardware 41 to a real recuperated gas turbine cycle [5] . The hardware test facility at NETL is able to emulate SOFC/GT hybrid 42 dynamics performance, aimed at improving the system flexibility and achieving DOE efficiency targets. 43 The potential of fuel flexibility in high temperature SOFCs makes this technology more feasible to handle 44 fuel composition fluctuations or drastic changes in fuel type. At an operating temperature higher than 600°C, 45
SOFCs have higher potential to run on various conventional fuels (e.g. natural gas, coal-derived syngas, and 46 reformed diesel) and alternative fuels (e.g. biogas, ethanol, and biodiesel). An optimization study in advanced 47 power generation systems that considered both economics and environmental impacts has suggested that flexible 48 operations are important for meeting new economic situations that experience changes in fuel prices or new energy 49 policies, and current as well as expected environmental regulations [5] . The study showed that the net present 50 value (NPV) of a polygeneration plant for power and chemical production could improve up to 63% if the system 51 is 100% flexible [6] . In this example, dynamic shifting in fuels can be one possible strategy to manage fuel cell 52 and gas turbine power for load following or chemical production balance during peak seasons and off-peak 53 seasons to maximize the plant profits. 54 However, some practical issues may prevent changes to fuel composition input to the existing SOFC 55 technologies because different fuels result in different temperature performance, fuel utilization, and 56 electrochemical properties, all of which play an important role in the lifetime of a fuel cell [7, 8] . Thermal 57 management was identified to be one of the greatest challenges to operate SOFC systems using different fuel 58 compositions or fuel types [7, 9] . For instance, the use of methane in SOFCs could cause problematic temperature 59 gradients across the cell due to the endothermic cooling effect of internal methane reforming. Disproportionate 60 cooling and heating may also occur locally along the cell as a result of internal methane reforming, water-gas 61 shifting, and electrochemical reactions. Thus, fuel cell performance degradation will be a major hurdle since the 62 degradation rate may be accelerated if the systems demonstrate lower temperature profiles or high current density 63 and high fuel utilization [10] . Lowering the fuel cell stack temperature in SOFC/GT hybrids will decrease the 64 turbine speed and turbine efficiency, which eventually affect the upstream conditions of SOFC stacks [11] [12] [13] . 65 66
67
Figure 1: Basic flow diagram of a SOFC/GT hybrid system 68 69
Considering the strong coupling between fuel cell systems and the balance of the SOFC/GT plant, 70 problems with system performance as a result of fuel flexible operations could be arise. Previous studies considered hybridizing gasifier technologies for biomass, coal-derived syngas, and 80 liquid fuels to exploit the SOFC fuel flexibility benefits [1, 2] . The influences of fuel gas compositions on the 81 total system efficiency, economic, and thermodynamic feasibility in a specific SOFC hybrid system design are 82 among active research topics in most studies [1, [18] [19] [20] . Previous work has also considered the consequences of 83 internal reforming systems and external reforming systems, which were driven by the use of natural gas or 84 methane [21] . However, the studies on fuel flexibility of SOFC/GT hybrid systems were all conducted via 85 modeling and numerical simulations at steady state conditions. It is clear that transient performance of SOFC/GT 86 and controls development are much less commonly studied, primarily due to the lack of available experimental 87 data [22, 23] . 88
In this paper, the experimental evidence of SOFC/GT dynamic performance in response to fuel 89 composition transients is presented, followed by a characterization of transient trajectory Figure 2 ) was coupled to real hardware to emulate SOFC dynamic performance. We used a one-136 dimensional (1D) dynamic model that was able to simulate the SOFC every 30 ms [36] . This cyber-physical fuel 137 cell system was then hybridized with a real recuperated gas turbine cycle in a direct-fired configuration [5, 36] . 138
The cathode stream was physically provided in the hardware system using the compressor flow, and the anode 139 fuel stream was simulated in the model. Both hardware and software were well-integrated for real time hardware-140 based simulations to closely represent SOFC/GT hybrid transients for controls development. 141
The real-time SOFC model used in this study was developed based on a planar design and co-flow fuel 142 cell configuration. This numerical model characterized the fuel performance on a distributed basis with respect to 143 space in the direction of fuel and oxidant flow [36] . Fuel constituents fed into the system model could be a 144 combination of CH4, CO, CO2, H2, H2O, and N2, assuming hydrogen was the only electrochemically active 145 component for hydrogen oxidation, as expressed in Eq. 1 [37] . The direct internal reforming reaction of methane 146 and water-gas shift reaction for carbon monoxide were considered in the model, according to Equations 2 and 3. 147
Considering the faster kinetics of the water-gas shift reaction compared to methane reforming kinetics at the 148 temperature range used in this study, the shifting reaction was assumed to occur at equilibrium 
Open Loop and Closed Loop Test Procedures 172
In this study, the standard startup procedures established by NETL researchers was used to bring the 173 hybrid system to a steady state for cyber physical simulations [38] . Coal-derived syngas was fed as the SOFC fuel 174 at 145 g/s. The corresponding initial fuel utilization was approximately 67%. A step change in SOFC fuel 175 composition from the coal-derived syngas feed to methane-rich gases was simulated once the system was in steady 176 state. The methane-rich fuel contained 13.6 mol% CH4 and 86.4% steam, which was sufficient to avoid carbon 177 deposition in the cell [7, 39] . 178
Fuel flow (145 g/s) and SOFC load (220 A) were held constant over the course of the experiment to 179 investigate the impacts of fuel composition uniquely, without confounding the data with the dynamic impacts of 180 fuel flow and SOFC load. In contrast, overall fuel utilization was the result in this study that changed accordingly 181 to fuel composition gradients. The fuel switch was simplified by changing the feed composition to the SOFC 182 model instantaneously, not taking into account the lag in the fuel manifold process. 183
Such a fuel transition caused a 20% decrease in overall heat input (LHV) of the anode feed. This change 184
was feasible for open loop tests in which turbine speed control was not implemented [17, 32] . Previous scoping 185 studies suggested that the coal-derived syngas had to be switched to a lower heating value methane rich fuel in 186 order to avoid turbomachinery stall and surge, excessive anode-cathode pressure differences, and cathode inlet 187 temperature excursions resulting in adverse impacts on the functionality of SOFC/GT hardware facility [17] . 188
For the purposes of comparison, the test procedures and conditions used for the open loop tests and the 189 closed loop tests in this work were identical, including fuel compositions, initial conditions of SOFC/GT hybrid 190 test facility, cell geometry, and hardware operation techniques. However, unlike the closed loop studies where a 191 control system placed a modulated electrical load (or resistive turbine load) on the turbine shaft to maintain 192 constant turbine speed at 40,500 rpm, no turbine speed control scheme was used in the open loop tests. Thus, the 193 turbine responded directly to the total SOFC system post combustor thermal output (i.e. fuel cell thermal effluent).
194
The heat was delivered to the turbine inlet in real time as shown in Figure 2 . 195 In this work, the 1D real-time SOFC model calculated the SOFC waste heat at every 80 ms simulation 196 time step, considering inlet conditions of the cathode stream in the plant, user-defined inputs, and fuel cell 197 geometry described in Table 1 As shown in Figure 3a , a 4% increase in turbine speed immediately after the step change in fuel 215 composition caused an 8% initial transient increase in cathode air mass flow as presented in Figure 3b . This was 216 followed by a steady decrease to a new steady state with the turbine speed 6% lower and the cathode air flow rate 217 12% lower than it was at the initial condition. Figure 3c shows that the cathode inlet air mass flow was linearly 218 correlated to the turbine speed with a factor of 2:1 (R 2 =0.993 on a normalized comparison of the measurements) 219 at any given time. For comparison, the results from the closed loop test for the same transition is also shown in 220 Figure 3 . In the closed loop test, the turbine speed was controlled at a constant 40,500 rpm. The "crossover point," 221 the point at which the open loop and the closed loop values were the same, for both variables is at around 1,600 s 222 after the step change. In this paper, crossover point was used to characterize the influence of open and closed loop 223 operations on the transient response. Delay in crossover points were investigated to identify the coupling effects 224 between all SOFC/GT process variables, which is critical developing control strategies for non-linear responses. 225 length. However, the temperature reduced with time to a lower final average temperature as the test continued 234 over the course of 5,500 s. In the open loop test, the temperature difference between the cell inlet and the cell exit 235 was 125°C at the initial steady state, before the fuel composition change and also at the final steady state after the 236 fuel composition change. The same inlet to outlet temperature difference across the cell was observed in both 237
Results and Discussion
208
Turbine Speed and Cathode Air Mass Flow Transient Responses
cases, but a lower average temperature at the final steady state was realized due to the higher airflow in the closed 238 loop case. It is shown in Figures 5a and 5b that crossover points of solid temperature at the beginning of the cell 272 were achieved at 2,450 s after the step change, whereas the crossover points for the end of the cell were delayed 273 12 minutes later than the cell entrance. Such a significant difference in crossover points between the cell entrance 274 and the cell exit was dominated by the resulting temperature profiles from the open loop and closed loop tests, 275
indicating coupling between the temperature reduction due to convective heat transfer and methane reforming 276 kinetics. In general, the increased cathode air mass flow before the crossover point of turbine speed caused the 277 decreased in solid temperature, which finally decelerated the reforming reaction. As a result, this modified the 278 distribution of methane in the fuel cell, which in turn, affected the solid temperature. 279
The comparison shown in Figure 5a Both tests demonstrated the same variations and locations of the maximum ⁄ , as simplified in 311 Figure 7b . However, the maximum ⁄ resulting from the open loop test were slightly higher than in the closed 312 loop. Before fuel composition was switched in the open loop operation, the highest temperature gradient of 11.7 313 K/cm occurred at node 5, 25% of the total fuel cell length, and gradually shifted to the next node towards the cell 314 exit after initiation of the transient. The greatest ⁄ of 17 K/cm appeared at node 7, 35% of the way down 315 from the inlet, as soon as 500 s after switching to humidified methane. This value exceeded the limit of ⁄ . 316
Thus, adequate thermal management was required since there was high risk of thermal stress due to the excessive 317 , ⁄ which could also lead to high degradation rate impact. The maximum ⁄ was settled at node 13, 65% 318 of the way down the length from the cell entrance, at approximately 1,950 s after the transient where cathode air 319 mass flow was 4% below its initial value (Figure 3b) . 320
As shown in Figure 8 , the maximum magnitude of discrepancy in the ⁄ between the open loop and 321 closed loop at node 5 and node 7, were about 1 K/cm at 1,600 s, and 1 K/cm difference at node 13, at 650 s after 322 the transient. As presented in Figure 9 , the increasing difference in ⁄ for all three nodes were evident within 323 the first 650 s (region I), which respectively collocated with increasing cathode air flow, before the crossover 324 point. Note that cathode air flow in the open loop test started to decrease in region II approaching the initial 325 condition and continued to reduce more significantly below the initial condition in region III. 326 327
328
Figure 8: The difference in solid temperature gradient at critical nodes 329 330
Cathode Gas Temperature 331
The dynamic transients of the fuel cell gas temperature are illustrated in Figure 9 . As clearly shown in 332 Figure Cathode Solid and Gas Temperature Difference and Heat Flux 364 Figure 11 shows the resulting temperature difference between fuel cell solid and gas temperature 365 ( − ). As shown in Figure 11 , the temperature difference at the first 5 nodes reduced drastically at the 366 initial transients and fluctuated more significantly over the course of the test as compared to the remaining fuel 367 cell length. The temperature difference at the cell inlet shown in Figure 11b dramatically reduced from 76°C to 368 slightly lower than -20°C within 5,500 s, whereas the temperature difference at the end of the cell was maintained 369 fairly constant. 370 371 Comparison of open loop and closed loop transients 373 374
As can be seen in Figure 11b , the results for the open loop at the beginning of the cell within 250 s (after 375 the fuel switch) was higher than in the closed loop. This difference was strongly influenced by the increased 376 cathode air mass flow (Figure 3b ) and lower cathode inlet air temperature (Figure 6 ) before the crossover points 377
(1,600 s). Such transients caused a more remarkable gas temperature drop, as compared to solid temperature drop. 378
Hence, the gas temperature in the open loop reduced faster than the solid temperature, resulting in higher 379 temperature difference. This consequently promoted higher heat flux from the solid to the gas that ultimately 380 propagated the open loop solid temperature decrease. The profiles of heat flux in the fuel cell subsystem are 381 presented in Figure 12 . The trends indicated a strong qualitative reflection of the fuel cell solid-gas temperature 382 difference, following the correlation expressed in Eq. 4. 383 384
Fuel cell heat flux: 385
where is the thermal conductivity of gas, is the Nusselt number, is the hydraulic diameter of the gas 388 channel, is the solid temperature, and is the gas temperature. 389 390 faster than in the solid temperature such that the solid-gas temperature difference reduced, due to decreasing 397 cathode air mass flow and higher cathode inlet air temperature. In fact, as shown in Figure 11b , the gas temperature 398 at 5,500 s was higher than the solid temperature. Hence, the direction of heat flux in the long-term operation 399 changed from the solid-to-air flow to air flow-to-solid. The air flow began to heat the fuel cell system after 470 s. 400
In general, the magnitude of heat flux in the closed loop case was much lower than the open loop profiles 401 throughout the test despite of the same performance and heating impacts at the beginning of the cell. 402
At 5,500 s, the beginning of the cell was heated by the airflow, while the remainder of the fuel cell was 403 cooled by the airflow. This was a consequence of decreasing fuel cell solid temperature toward the end of the test 404 and the methane reformation region shifting further down the fuel cell length. 405 406 
Fuel Cell Heat Generation 421
The detailed response in heat generation ( ) on an area specific basis is shown in Figure 14 . In this 422 work, heat generation for an operating fuel cell was calculated using Eq. 5. 423 424
Fuel cell heat generation:
The terms of , , and respectively represent the by-product heat generation from the 428 electrochemical oxidation polarizations, heat generation from steam methane reforming (which is negative), and 429 water-gas shift reactions. 430
As illustrated in Figure 14a , heat generation at the beginning of the cell reduced dramatically immediately 431 after the fuel composition switch, following by a slow increase toward the new steady state at 5,500 s. The magnitude of heat generation at the initial steady state in Figure 14b matched the magnitude of heat 438 flux shown in Figure 12b . Therefore, the system exhibited fairly constant solid and gas temperature performance, 439 respectively presented in Figures 5 and 8 . However, as the fuel was changed to humidified methane, heat 440 generation at the cell entrance reduced significantly from 0.7 W/cm 2 to about -1.4 W/cm 2 . This initial transient 441 was promoted by heat utilization in the steam methane reforming reaction. As compared to the heat flux profile 442 in Figure 12b , no significant fluctuation in heat flux was observed at 1 s after the step change due to delay in 443 temperature dynamics. 444
Heat generation at the cell entrance shown in Figure 14b increased gradually as the test progressed. To 445 be specific, the magnitude of heat generation at the beginning of the cell decreased with decreasing methane 446 conversion as the fuel cell solid temperature decreased. Because of the insignificant difference in CH4 mole 447 fraction at 1 s between the open loop and closed loop tests (Figure 15 ), the same profiles of heat generation density 448 were obtained. However, heat generation at the beginning of the cell from both operations started to deviate slowly 449 throughout the test, which reflected to the trends in CH4 mole fraction and the corresponding fuel cell solid 450 temperature. 451
The same impacts were also demonstrated at around center of the cell length. Heat generation decreased 452 over time as more CH4 mole fraction shifted toward the elevated temperature region at the second half of the fuel 453 cell length. In contrast, heat generation at the back of the cell gradually increased over the time studied due to 454 electrochemical reactions. This behavior was found to be consistent with the trends in current density. 455
Since the inlet temperature at the end of the open loop test was higher than in the closed loop, more 456 methane reforming was facilitated. Hence, the heat generation in the open loop case was more strongly negative, 457 as depicted by the profile at 5,500 s in Figure 14b . At 5,500 s, the total average heat generation of the stack was 458 14.5 kW, which was comparable to the 14.7 kW of heat flux shown in Figure 12 , indicating that the system 459 achieved a new steady state. 460 461 462 463
Transient Analysis of Fuel Compositions, Current Density, and Fuel Utilization 464 465
Methane, CH4 466
The variations in methane mole fraction along the length of the cell are presented in Figure 15 . As shown 467 in Figure 15a , methane was consumed in the system over the entire course of the experiment, reducing from the 468 inlet composition at node 1 to near zero mole fractions at the cell outlet. Meanwhile, Figure 15b of CH4 in the fuel cell subsystem. As shown in Figure 15b , the open loop dynamics obtained at 2,450 s followed 482 the closed loop dynamics very closely. Both methane mole fraction and solid temperature crossover points were 483 identical, suggesting close coupling of reforming to solid temperature. If this is the case, composition transients 484 could be mitigated using cathode airflow modulation, which has been shown to have a strong impact on solid 485 temperature. 486 487
Other Fuel Composition Gradients, Current Density, and Fuel Utilization 488
The corresponding effects on other fuel constituents, such as CO, H2, and H2O are respectively presented 489 in Figure 16 through Figure 18 . The slower and consequent rate limiting CH4 reforming influenced the formation 490 and consumption of the other fuel components in water-gas shift and electrochemical oxidation. 491
Because of higher temperature at the initial steady state shown in Figure 5 , the system was more 492 dominated by endothermic methane reforming rather than water-gas shifting. Therefore, both CO and H2 mole 493 fraction at the first half of the cell length shown in Figures 16 and 17 increased with decreasing CH4 mole fraction 494 ( Figure 15 ). As expected, H2O mole fraction shown in Figure 18 , significantly reduced in the beginning of the 495 cell. Due to less CH4 in the downstream region, CO and H2 mole fraction reduced gradually when a transition in 496 the water-gas shift reaction toward the product side and electrochemical oxidation of H2 became more significant. 497
Higher formation of H2O that was reflected by consumption of H2 was still observed at the end of the cell. 498
Immediately after the fuel composition change, the current density shown in Figure 19 increased to a 499 maximum value around node 6 to node 8. The H2 mole fraction was also at the maximum (Figure 17) , suggesting 500 the formation of H2 from steam methane reforming was significantly higher than its consumption in the 501 electrochemical oxidation. High CO generation rate provides further evidence of sufficient reforming to maintain 502 the water gas shift equilibrium toward the reactant side (Equation 2). Despite the maximum localized current 503 density, the fuel utilization was at a local minimum near node 6, as shown in Figure 20 for the 1 s curve. This 504 clearly indicated that large amounts of thermal energy in the fuel cell were being converted to chemical energy in 505 this region. Hence, this caused more reduction in solid temperature at the beginning of the cell. As there was less 506 energy in the cell, represented by lower temperature and thereby lower sensible heat, methane became more 507 distributed and the H2 partial pressure reduced. 508 The corresponding conductivity likewise reduced. The maximum current density region significantly shifted from 521 the beginning of the cell, before the fuel composition switch, to further down the cell towards the end of the test. 522
The same current density profiles were observed in the open loop and closed loop tests within the first 250 s due 523 to very slight differences in the solid temperature and fuel composition dynamics. higher maximum CO and H2 mole fraction at 5,500 s, respectively with 22% and 12% relative differences to the 527 maximum value in the closed loop case. This was attributed to the higher solid temperature in the open loop case. 528
The higher temperature would favor reforming and inhibit water gas shift as written in Equation 2, both of which 529 result in higher CO partial pressures. 530
In fact, the maximum current density at 1,500 s and 5,500 s were also nearly identical and the curves 531 were close, having come to equilibrium much faster than in the closed loop case. In contrast, an 8% higher current 532 density was still noticeable at 5,500 s in the closed loop test, as a consequence of continuous changes in 533 temperature and fuel composition partial pressures. At 5,500 s, current density increased with reduction in H2 534 mole fraction near the cell exit, both of which promoted higher fuel utilization. 535 536
537
Figure 545  546 The dissipation of fuel cell stored thermal energy and the corresponding fuel cell thermal effluent in 547 response to the fuel composition changes are shown in Figure 21 , where dissipation represents the change in rate 548 of thermal energy being stored in the fuel cell stack. The dissipation term was calculated based on the rate of 549 change in fuel cell average temperature multiplied with the total stack heat capacity as function of temperature 550 (2625 kJ/K at the initial condition), as summarized in Eq. 6. The initial fuel cell stored thermal energy shown in 551 Figure 21a reduced immediately as a result of the accelerated steam methane reforming. The increasing H2 552 generation at 1 s clearly illustrated the associated dynamic conversion of thermal energy to chemical energy, 553 which subsequently resulted in lower fuel utilization within increased current density region. Such transients 554 finally caused a dramatic increase in fuel cell thermal effluent exiting the system indicated in Figure 21b . The 555 system experienced a significant reduction in solid temperature as the stored thermal energy decreased. As 556 compared to the closed loop transients, the dissipation of stored thermal energy in the open loop case recovered 557 more gradually before the crossover point at 1,300 s. However, the new steady state in the open loop was achieved 558 far quicker than in the closed loop due to the coupling of the cathode air mass flow in a longer test run. 559
Transient Analysis of Fuel Cell Thermal Energy Storage and Fuel Cell Thermal Effluent
The difference in the fuel cell thermal effluent between the open loop and closed loop cases shown in 560 Figure 21b was attributed primarily to the difference in dissipation of stored thermal energy. The dynamic fuel 561 cell thermal effluent remained higher than the initial value for about 1,600 s before decreasing to the new steady 562 state, following non-minimum phase behavior (transient inverse response) as opposed to its initial steady state 563 performance [17] . This ultimately caused the initial rapid increase in turbine speed and cathode air mass flow 564 shown in Figure 3 . The overshoot response in fuel cell thermal effluent was identified as one of the main 565 operational challenges to fuel flexibility in gas turbine hybrid systems. It is critical to develop novel control 566 strategies to limit such overshoot and expand the range of fuel composition changes that could be implemented. 567
Nonlinear control models are required to describe the entire trajectories of the fuel cell thermal effluent. 
Conclusions
578
The detailed dynamic characterization of an SOFC/GT hybrid system under a transition from syngas to 579 humidified methane revealed: 580
a. An extensive conversion of fuel cell stored thermal energy immediately after the step change, resulting 581 in a sudden transient inverse response in fuel cell transferred heat, 582 b. A spike in thermal effluent from the fuel cell post combustor system to the turbine, which occurred in 583 spite of a dramatic reduction in both heat generation and heat flux, which was dominated by the 584 conversion of stored thermal energy to chemical energy, 585 c. A substantial solid temperature drop (50 K) in the fuel cell 250 s after the step change due to propagation 586 impacts of increased cathode air mass flow, 587 d. A maximum of 17 K/cm solid temperature gradient in the fuel cell from an initial state of 12 K/cm, 588 e. Significant differences in the distributed performance of temperature, heat flux, heat generation, 589 composition gradients, fuel utilization, and especially current density, 590 f. Substantial cathode air flow coupling effects over the course of the entire study from the initial change 591 to the new steady state, 592 g. Close coupling between the steam methane reforming and solid temperature.
594
The open loop operation demonstrated significant variations in turbine speed and cathode mass flow. As 595 much as 6% turbine speed variation from nominal condition was observed. Hence, the system experienced a 12% 596 cathode air mass flow change. Therefore, fuel cell temperature, heat flux, and temperature gradient across the fuel 597 cell length changed accordingly due to highly coupling effects. However, this perturbation helped the system to 598 achieve a new steady state faster than the closed loop system. 599
As compared to the closed loop, operating the SOFC/GT hybrid system with turbine speed changes resulted 600 in less detrimental performance after the crossover points, with higher temperature, lower current density, and 601 lower fuel utilization. We also found that small changes in turbine efficiency at higher speed in the open loop over 602 the closed loop tests affected fuel cell heat flux through variations in cathode air inlet temperature. Overall, all 603 key fuel cell parameters were highly coupled and solid temperature appeared to be the primary linking event of 604 many mechanisms. 605
In conclusion, fuel cell solid temperature control is critical to avoid excessive temperature gradients, which 606 could not be tolerated by the fuel cell material. Severe cooling effects might be also localized at the beginning of 607 the cell, depending on the initial methane content. So, a shorter cell lifetime would be expected due to increasing 608 degradation risk since the system was operated at a lower temperature. Therefore, future dynamic control systems 609 for SOFC/GT hybrid systems must include effective thermal management, most likely implemented through 610 cathode air flow management. Nonlinear control strategies must be employed to deal with the system complexity 611 adequately. It is clear from the comparison of open and closed loop transient study that cathode airflow has the 612 strongest linking effect on fuel composition changes, and it holds the greatest promise for active control in fuel 613 flexible systems. 614 615
